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Increased maternal body mass index, maternal smoking, and alcohol exposure during pregnancy have been inconsistently reported as potential risk factors for renal birth defects. The low incidence of the most severe renal anomaly, bilateral renal agenesis or hypoplasia (RA/H), has limited the ability to study this fatal defect. Using data from the National Birth Defects Prevention Study, a multicenter case-control study, the authors explored potential relations between RA/H and maternal body mass index, smoking, alcohol, and caffeine exposures. Data available for 75 infants with RA/H born between 1997 and 2003 and for randomly selected control infants without known birth defects (n ¼ 868) were assessed by a model adjusted for folic acid use, all four exposures of interest, and study center. Bilateral RA/H was associated with a body mass index of greater than 30 kg/m 2 prior to pregnancy (adjusted odds ratio (aOR) ¼ 1.92, 95% confidence interval (CI): 1.00, 3.67), smoking during the periconceptional period (aOR ¼ 2.09, 95% CI: 1.08, 4.03), and binge drinking during the second month of pregnancy (aOR ¼ 3.64, 95% CI: 1.19, 11.1). These results support the need for further exploration into the potential mechanisms by which such exposures could interfere with early fetal kidney formation resulting in RA/H. alcohol drinking; body mass index; caffeine; case-control studies; congenital abnormalities; kidney; pregnancy; smoking Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; OR, odds ratio; RA/H, bilateral renal agenesis or hypoplasia.
Bilateral renal agenesis, or absent kidney development, is a fatal congenital anomaly affecting approximately 1-3 per 10,000 births (1, 2) . The absence of kidneys in utero results in severe oligohydramnios and poor lung development, generally incompatible with survival (3, 4) . Renal hypoplasia, or underdeveloped kidneys, occurring bilaterally or in combination with renal agenesis can also be fatal but even in surviving infants leads to increased risk of chronic kidney disease and hypertension (5) .
The causes of bilateral renal agenesis or hypoplasia (RA/H) remain unknown. Several potential risk factors for renal anomalies in general are represented in the literature. Parikh et al. (6) reported evidence that renal agenesis occurs more frequently among women with lower educational levels and evidence suggesting that younger age and African-American race might also pose a higher risk, in contrast to earlier publications not supporting age or race associations (2, 7) . Inconsistent findings have also been reported for a high prepregnancy body mass index, maternal smoking, alcohol ingestion, and caffeine consumption during pregnancy (6, (8) (9) (10) (11) (12) (13) (14) (15) (16) . Honein et al. (9) reported a possible interaction between obesity and subfertility and the risk of renal anomalies. Hypothyroidism was not found to be related (17) , and several studies have reported possible associations between vasoactive substances and congenital renal anomalies (18) (19) (20) (21) . Diabetic status has yielded conflicting results (6, 8, 22, 23) . Interpreting these results is complicated because many of these studies group together multiple renal and urologic birth defects that likely develop from different pathophysiologic mechanisms (8, (12) (13) (14) 24) . The goal of this study is to investigate potential associations between RA/H and a high prepregnancy body mass index, first trimester smoke or alcohol exposure, and caffeine intake during pregnancy, by using data from a national, population-based, case-control study.
MATERIALS AND METHODS
Data for this analysis are from the National Birth Defects Prevention Study, a case-control study sponsored by the Centers for Disease Control and Prevention. Details of data collection for this study have been published (25) (26) (27) . Cases represent infants diagnosed with RA/H (International Classification of Diseases, Ninth Revision, codes 753.000 and 753.005-8) identified through population-based surveillance systems in 10 states and include live-and stillbirths as well as elective terminations. Liveborn controls without identified major birth defects were randomly selected at each study center by using birth files or hospital records. Maternal medical and exposure histories were collected retrospectively through structured, computer-assisted telephone interviews within 24 months of delivery. The participation was 63% among cases with RA/H and 69% among controls. Cases were reviewed by a clinical geneticist at each center, and classification by a clinical geneticist from our study team (A. S A.) confirmed that the case definition was met. (The classification template is available from the corresponding author.) Cases of RA/H that occurred in combination with other anomalies were included unless a well-defined genetic syndrome was identified or strongly suspected, yielding a total of 80 cases with a maternal interview (51 classified as having an isolated defect). Among the cases, 71 had bilateral renal agenesis, 5 had bilateral renal hypoplasia, and 4 had one absent and one hypoplastic kidney. Approximately 10 controls for each case were selected randomly from the control pool for this analysis (n ¼ 870). The 5 cases and 2 controls born to mothers with diabetes diagnosed before pregnancy were excluded, leaving 75 cases and 868 controls for the analysis.
The exposures included a high prepregnancy body mass index, periconceptional smoke and alcohol exposure, and caffeine consumption. Prepregnancy body mass index (weight (kg)/height (m)
2 ) was calculated by using self-reported prepregnancy values. Women were classified according to National Institutes of Health (28) ). Maternal smoking and alcohol exposures were also obtained. Exposures reported to occur between the month prior to conception through the third month of pregnancy were classified as ''periconceptional,'' the timeframe utilized for our analysis.
Women were asked about smoking and secondhand exposure in the home or work environment. Nonsmoking women who denied secondhand smoke exposure formed the unexposed reference group. Smoking was analyzed as a 3-category variable with secondhand smoke exposure as an intermediate classification. A secondary analysis was conducted by using the maximum level of reported smoking during periconception.
The same timeframe of ''periconceptional'' exposure was also applied to alcohol use. Alcohol questions for each month specifically documented the number of days and drinks that occurred during each month, as well as the maximum number of drinks that occurred at 1 sitting during each month. Alcohol exposure was represented by a 3-category variable, subdivided into that occurring with and without binge drinking (defined as 5 drinks on one occasion). Data on the number of binge episodes per month were not collected. For both smoke and alcohol exposures, these relations were individually explored for the 4 contributing periconceptional months.
Questions pertaining to caffeine intake were collected differently from those for the other exposures, documenting the typical daily intake of coffee, tea, and soda consumption the year prior to pregnancy. A continuous variable reflecting mean daily caffeine intake was generated on the basis of the estimated caffeine content (mg/serving) of these major caffeine sources (29, 30) . Mothers were also asked about changes (more, same, less, or none ingested) in these sources of caffeine during the pregnancy when compared with the prior year. Because the calculated daily caffeine intake did not necessarily reflect intake during pregnancy, a variable was created to better represent caffeine intake during pregnancy and to broadly capture whether the intake was negligible or not. Caffeine intake during pregnancy was defined as negligible if one of the following criteria was met: 1) maternal report of no coffee, tea, or soda consumption during pregnancy; 2) a mean daily caffeine intake of less than 10 mg prior to pregnancy and no reported increase in coffee, tea, and soda consumption; or 3) a mean daily caffeine intake of less than 50 mg prior to pregnancy, reduced consumption in at least one caffeinated beverage category, and no accompanying increase in another caffeine source. A secondary analysis was also performed by using the continuous expression of caffeine intake among only those reporting the same level of consumption during pregnancy.
Factors initially explored as potential confounders were based on previous studies and included maternal age, maternal race/ethnicity, maternal educational level, study center, folic acid use, gestational diabetes, hypothyroidism, subfertility, late pregnancy identification, and vasoactive substance use. Maternal age was analyzed as a continuous linear variable. Maternal race/ethnicity was categorized as non-Hispanic white, non-Hispanic black, Hispanic, or other. Educational level was classified as either 12 years or >12 years of completed education and was used as a proxy for socioeconomic status instead of household income, because the latter had considerably more missing data and did not account for the number of people supported in the household. Folic acid supplementation was represented by using a variable indicating the number of periconceptional months that folic acid was reportedly used (ranging from 0 to 4 months). Hypothyroidism was determined by maternal report or the presence of thyroid replacement hormone among the reported medications. Subfertility was based upon queries regarding maternal medications or procedures to facilitate pregnancy. Late pregnancy identification was defined as reported maternal recognition of pregnancy after 12 weeks' gestation. Vasoactive substance use incorporated the maternal report of any of the following during the first trimester: aspirin, ibuprofen, pseudoephedrine sulfate, ephedrine sulfate, phenylpropanolamine hydrochloride, phenylephrine hydrochloride, methylendioxymethamphetamine, cocaine, or amphetamine.
Statistical analysis was performed by using Intercooled Stata 9.2 (StataCorp LP, College Station, Texas). Following univariate and bivariate analysis exploring the relations between covariates, case status, and exposures of interest, a logistic regression model was constructed to estimate odds ratios and 95% confidence intervals for all the exposures of interest, adjusting for relevant covariates. The initial model incorporated all the potential confounders that were associated with either exposure or case status or previously explored in the literature as a risk factor. We then used backward selection, dropping those whose absence was associated with a less than 10% change in the odds ratios for all of the exposures of interest. Potential interactions between each of the exposures of interest and relevant covariates were explored by using product terms and likelihood ratio testing. Subanalyses were performed by using the final adjusted model. For the secondary analyses of the individual months, parallel models were used that included the same covariates but incorporated exposure data for smoking and alcohol for the individual months rather than the entire periconceptional period. The final adjusted model was also run separately for both isolated cases of RA/H and those occurring with multiple defects.
RESULTS
The analysis included 75 cases and 868 controls. The distribution of maternal age and race/ethnicity did not differ materially between cases and controls (Table 1) . Nearly all case infants were deceased at the time of interview. Neither pregnancy intention nor mean time of pregnancy identification differed substantively between cases and controls, although case pregnancies were nearly twice as likely as controls to be identified after the first trimester (6.9% vs. 3.5%). Folic acid supplementation was more prevalent among controls throughout periconception, and this was associated with later pregnancy identification: When pregnancy was identified after 12 weeks, the odds ratio of periconceptional folate use was 0.06 (95% confidence interval (CI): 0.029, 0.13). When pregnancy was identified after 12 weeks, maternal education and income were lower among case mothers than controls. Gestational diabetes was more prevalent among controls than cases. The prevalences of hypothyroidism and subfertility were too low to allow further exploration.
Both body mass index and smoke exposure differed between cases and controls ( Table 2 ). The mean body mass index before pregnancy among case mothers was 26.6 kg/m 2 versus 24.5 kg/m 2 among control mothers, with a higher proportion of case mothers classified as obese (25% vs. 15%); 36% of case mothers reported smoking at some time during periconception as opposed to 21% of control mothers, with a similar relation observed for secondhand smoke exposure. This general relation persisted when refined by monthly exposure. Exposures to alcohol and caffeine did not vary significantly between cases and controls, with the exception of those reporting binge drinking (Table 2 ). Exposure to alcohol anytime during the first trimester was 43% among cases versus 37% among controls. Nearly twice the proportion of case mothers reported binge drinking compared with controls. Although this observation was true for each contributing month, it was most pronounced in the second month with 8.2% of cases and 1.8% of controls reporting binge drinking. Notably, binge drinking was associated with pregnancy identification after 12 weeks' gestation (odds ratio (OR) ¼ 2.42, 95% CI: 1.03, 5.72). The mean intake of caffeine was very similar between cases and controls, and this persisted when restricted to only those participants reporting unchanged caffeine consumption during pregnancy and for nonnegligible caffeine classification.
The variables used for the initial adjusted model included maternal age, maternal race/ethnicity, maternal educational level, study center, folic acid use, gestational diabetes, hypothyroidism, late pregnancy identification, subfertility, vasoactive substance use, and all of the exposures of interest (body mass index, smoking, alcohol, and caffeine). Only folic acid and study center persisted as relevant covariates in the final adjusted model. Of the interactions explored, only one was marginally significant (P ¼ 0.04 in the likelihood ratio test) between body mass index and caffeine. There was a suggestion that caffeine had a reduced risk for the overweight and an increased risk for the obese. This interaction was not pursued further, because of concerns that it was due to chance or biologic implausibility.
The adjusted odds ratio for prepregnancy body mass index of 30 kg/m 2 was 1.90 (95% CI: 1.00, 3.59) ( Table 3) . Although imprecise, a stronger association was found with further subdivision of body mass index, where a body mass index of 40 kg/m 2 conferred an adjusted odds ratio of 6.30 (95% CI: 2.13, 18.6), while the adjusted odds ratios for the other categories ranged from 1.26 to 1.44 (all 95% CIs crossing 1) when compared with a body mass index of 18.5-24.9 kg/m 2 . This relation persisted (adjusted odds ratio ¼ 6.23, 95% CI: 1.89, 20.6) when restricted to those without gestational diabetes. There were insufficient cases to repeat the model among only those with gestational diabetes.
Smoking at anytime during periconception yielded an adjusted odds ratio of 2.08 (95% CI: 1.11, 3.90) and 1.47 (95% CI: 0.71, 3.02) for secondhand smoke exposure (Table 3) . These numbers remained similar when confined to each of the 4 contributing months. Maximum daily smoking during periconception in packs per day, categorized as ½, 1, or >1 pack per day, yielded adjusted odds ratios of 1 Abbreviation: SD, standard deviation. a Periconception includes the month prior to the estimated date of conception through the first 3 months of pregnancy.
b Caffeine intake was calculated from the reported average coffee, tea, and soda consumption during the year prior to pregnancy.
c Classified as negligible if one of the following criteria was met: 1) report of no coffee, tea, or soda consumption during pregnancy; 2) mean daily caffeine intake of <10 mg prior to pregnancy and no reported increased consumption of any caffeinated beverage during pregnancy; or 3) mean daily caffeine intake prior to pregnancy of <50 mg, a decrease in consumption of at least 1 caffeine source, and no increase in other caffeine sources during pregnancy.
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respectively. When examined by month, a strong effect was observed only during the second month of pregnancy for binge drinking (aOR ¼ 3.64, 95% CI: 1.19, 11.1).
Caffeine intake was not associated with an elevated risk with either nonnegligible classification during pregnancy (aOR ¼ 1.01, 95% CI: 0.58, 1.75) or using the continuous caffeine intake variable among those reporting unchanged caffeine intake during pregnancy (aOR ¼ 0.997, 95% CI: 0.993, 1.002).
Analyses confined to the 51 isolated cases of RA/H yielded less precise yet similar point estimates for obesity (aOR ¼ 1.87, 95% CI: 0.85, 4.08) and smoking (aOR ¼ 2.69, 95% CI: 1.22, 5.92), with no relation evident for drinking (for non-binge drinking, aOR ¼ 0.97; for binge drinking, aOR ¼ 1.13). Repeating the model among only the 24 cases occurring with multiple anomalies yielded adjusted odds ratios of 3.07 for non-binge drinking (95% CI: 0.99, 9.54) and 5.25 for binge drinking (95% CI: 1.51, 18.2), 2.31 for obesity (95% CI: 0.79, 6.79), and 1.70 for smoking (95% CI: 0.54, 5.36). When restricted to second month exposures, the adjusted odds ratio for non-binge drinking was 6.69 (95% CI: 1.88, 23.7) and 19.0 for binge drinking (95% CI: 4.39, 82.1).
DISCUSSION
The results from this study suggest that prepregnancy obesity and smoking during periconception independently increase the likelihood of bilateral fetal RA/H. They also suggest that alcohol consumption, particularly binge drinking and/or alcohol ingestion during the second month of pregnancy, may increase the risk of bilateral RA/H, potentially accompanied by other defects. We did not find any associations with caffeine intake.
Elevated body mass index has been reported as a potential risk factor for congenital renal anomalies in some, but not Abbreviations: OR, odds ratio; CI, confidence interval. a The initial model includes all 4 exposures of interest as well as study center, maternal education (>12 or 12 years), maternal race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), maternal age (years), the presence or absence of hypothyroidism, gestational diabetes, subfertility as determined by maternal question of whether either parent required or sought assistance for pregnancy through medications or procedures, late pregnancy identification (after 12 weeks), vasoactive substance use during the first trimester, and a continuous representation of the number of months that folic acid was used during this 4-month periconceptional period. The final adjusted model has been reduced by removing those covariates that resulted in a less than 10% change in the odds ratios of the variables of interest and includes only theall, prior studies. Queisser-Luft et al. (31) 1.23) . The prior association with subfertility could not fully be explored in this study because no cases reported subfertility. The results presented in the current study demonstrate that the association between obesity and RA/H is not dependent upon the presence of diabetes. Alternative endocrine products, such as those derived from adipose tissue directly, or the increased inflammation that accompanies obesity (32) could introduce epigenomic changes that interfere with gene expression critical for renal development. For instance, Zhu et al. (33) recently reported a direct link between increased levels of tumor necrosis factor-alpha, a known inflammatory agent released in high quantities from human adipose tissue (32) , and interference with bone morphogenetic protein-4 expression in the lung, impeding epithelial branching during lung development. This protein plays a similar role in the kidney, guiding ureteric bud formation and branching (34) , thus presenting one potential means by which adipose-related inflammation could interfere with renal development. Alternatively, obesity could be a marker of another process or exposure that we are not directly measuring that could account for this observed association.
With regard to smoking, Parikh et al. (6) found a weak association between renal agenesis and smoking with a higher proportion of smokers among cases than controls (18% vs. 14%; P ¼ 0.059), and Kallen (11) found a weak association between renal anomalies and smoking early in pregnancy (OR ¼ 1.22, 95% CI: 1.00, 1.48). This is in contrast to results presented by Morales-Suárez-Varela et al. (13) where urinary anomalies were not associated with first trimester smoking (OR ¼ 0.7, 95% CI: 0.5, 1.0). The results presented here lend further support to smoking as a potential risk factor for RA/H. Although a dose-response relation was not demonstrated when representing magnitude of smoking by the maximum reported level of smoking during periconception, this variable was limited in that it did not account for the duration at which that level of smoking persisted. The fact that secondhand smoke yields an intermediate point estimate might at least suggest a potential dose-response relation.
One possible mechanism by which smoking could lead to RA/H, as with obesity, could be through chronic inflammation resulting from smoke exposure. Alternatively, the vasoconstrictive properties of nicotine may play a role (35) , interfering with adequate oxygen delivery during renal organogenesis. This association might also arise secondarily to other components of cigarette smoke, such as aromatic amines, known for their carcinogenicity (36) , also presenting potential for teratogenicity (37) .
At least 2 prior studies have suggested a relation between alcohol exposure during pregnancy and renal agenesis (6, 12) . Parikh et al. (6) found an odds ratio of 2.30 (95% CI: 0.97, 5.42) for any alcohol use during pregnancy and renal agenesis. Moore et al. (12) reported an association between alcohol exposure during the first trimester and RA/H, with the strongest associations for bilateral disease (OR ¼ 3.7, 95% CI: 1.3, 10.1) and when renal agenesis was one of multiple congenital anomalies (OR ¼ 2.6, 95% CI: 1.1, 6.3). These associations were strengthened when confined to women who reported binge drinking, defined as 5 drinks at one setting. Our findings are quite similar, reinforcing that binge drinking in periconception appears to be associated with RA/H, particularly among cases occurring with multiple anomalies. It should be pointed out that binge drinking was also associated with later pregnancy identification, so this association could be related to effects of delayed prenatal care or knowledge of the pregnancy. However, adjustment for these factors did not change our results.
This study also introduces the suggestion that the second month of pregnancy might represent a critical period of vulnerability during which acute exposures to teratogens could increase the risk of RA/H. This makes sense from a developmental perspective, as it is during the second month of pregnancy that the ureteric bud originates from the mesonephric duct and extends toward the metanephric mesenchyme to initiate formation of the adult kidney (38) . Proposed teratogenic mechanisms of alcohol include transient vasospasm of the umbilical vessels (39) or increased oxidative stress and apoptosis (40) .
The current study had several limitations that should be recognized. The small number of cases, because of the low incidence of RA/H, limited the ability to precisely explore dose-response relations and interactions. Despite this, some relatively precise effect estimates were obtained. The nature of the exposure data is also susceptible to recall bias because it is collected retrospectively, cases were often not liveborn, and the time lapse between pregnancy and interview might negatively impact reporting accuracy. Smoking and alcohol use during pregnancy are also socially undesirable behaviors, potentially leading to differential reporting, with case mothers more likely to underreport behaviors they might associate as potential contributors to the negative outcomes they experienced (41) (42) (43) . This potential for differential recall bias is further enhanced by the fact that case interviews took place on average over 2 months later than control interviews, inherently increasing the level of uncertainty in the ability for case mothers to accurately recall information relative to control mothers. The caffeine exposure data are particularly susceptible to inaccurate recall, as they reflect intake recalled from the year prior to pregnancy. By using a variable that reflects intake during the pregnancy, precision was lost, potentially obscuring subtle relations. Self-reported body mass index has been shown to underestimate the true body mass index among all women (44, 45) ; however, the Bilateral Renal Agenesis and Pregnancy Exposures 1265 potential for differential reporting might be smaller because obesity might be less recognized than smoking or alcohol use as a potential risk factor for negative pregnancy outcomes.
Interpreting the existing literature in this area has been severely complicated by the fact that often renal and urologic anomalies that likely arise from different pathophysiologic mechanisms are grouped as a single outcome (46) . This study better clarifies the potential existence of associations between bilateral RA/H and prepregnancy obesity, periconceptional smoking, and binge drinking during the second month of pregnancy because of the more narrowly defined case group of RA/H. Further investigation is needed to reproduce these results in another data set and to elucidate potential mechanisms by which these exposures might interfere with renal development. Continued research in this area could reveal preventable causes of this lethal congenital anomaly and also open lines of investigation to further understand renal development.
